Second, we find a growing stationary mode which suggests that the time-dependent motions may affect the form of the time average stationary wave pattern. A distribution of shorter meridional scale will tend to grow from a forced solution of long meridional scale.
The third possible application is to blocking. In this area our work complements that of Frederiksen [1982] . He examines the linear instability of an observed winter stationary wave pattern and zonal flow in a two-level model with spherical geometry. For low static stability he finds cyclone-scale monopole structures to be the fastest growing modes, whereas at greater stability, slowly moving dipole modes of longer zonal scale dominate. Dipole refers to the north-south structure of the mode, indicating that high-low vortex pairs are found. Frederiksen qualitatively identifies these dipole modes with blocking configurations and invokes the modon theory of blocking [McWilliams, 1980 , and references therein] to hypothesize that the phase speed of the modes would be reduced as they grew to finite amplitude. In our study, explicit inclusion of the stationary forcings allows us to incorporate the direct interaction of the growing perturbation with topography. This produces planetary-scale modes with significant growth rate and tends to reduce the phase speed of long and planetary modes, rendering certain of them quasi-stationary or stationary. We tentatively associated these modes with 7202 components of observed blocking patterns and show that they can potentially account for both regional and double blocking. We also examine the meridional-scale selection process, which produces the favored dipole modes.
THE MODEL 2a. Two-Level Quasi-Geostrophic Model
The model used is the well-known two-level quasigeostrophic model on a mid-latitude beta plane [Phillips, 1954] . We use the notation listed in the section at the end of the paper.
The two-level model system is that found in Haltiner and Williams [1980] 
The wind at 750 mbar is used in (2) for energetic consistency. The beta-plane assumption and rigid lid boundary condition can be expected to compromise the results to some extent, es•cially at the planetary scale [Kirkwood and Derome, 1977; Lindzen et al., 1968] . These are frequently adopted for the dramatic simplification they bring to the problem. Moreover, this formulation allows us to make use of an existing steady state model of the forced stationary waves' that of Derome Note that while the beta plane is zonally periodic we do not impose any walls in the meridional direction, requiring only that the solutions be bounded as y--, + oo. We note that the perturbation is expanded in harmonics of the fundamental zonal wave number k rather than in multiples of a basic state wave number, as has been the case in some previous studies [e.g., Sasamori and Younoblut, 1981] . The problem is separable in the meridional wave number I. We thus obtain the following nondimensionalized eigenvalue problem, which can be solved independently at each value of ,  I  I  I  ,  I  I  I  ,  I  ,  I  ,  I "classical" or "conventional" to refer to the baroclinic instability process found in this problem and its vertically continuous analog.
2el. Basic State
Using the basic state model described in section 2b, we prescribe diabatic heating and topography fields that are realistic in the zonal direction. We take the values used by DW. The only free parameters besides the radius of deformation are the basic state mean and thermal zonal wind, since k, fo, and fi are determined by our choice Cpo = 45 ø. In the main case presented in this paper we set ur = ttTerit, the critical shear wind, and u = 3.0 x ttTeri t = 13 m/s. Both of these were subsequently varied within climatological bounds to test the sensitivity of the results. Our choice of the thermal wind for this main case is a very reasonable one, since it has been pointed out by Stone [1978] that the observed average tropospheric zonal wind gradients coincide remarkably close to critical shear in mid and high latitudes.
We now present some of the results of the DW version of the steady state mode and compare our basic state to these. In We note that there are small differences in the parameters used in our basic state model as compared to the DW model but that these only have minor effects. The DW model incorporates damping parameterized as a lower-boundary vertical velocity proportional to vorticity. For long meridional wavelengths this parameterization does not have an appreciable effect, and so we have simply dropped it for clarity. Because we do not attempt to include the effects of the relatively small forcing at zonal wave numbers of 4 and higher, we do not have to contend with the problem of resonance as DW did. The time-dependent perturbations we are considering are initially permitted general spatial dependence as described by the Fourier expansion of (6). Solving the eigensystem (7), we find that the growth rate of the unstable normal modes varies markedly with their meridional wave number I. In Figure 4 have sufficiently high growth rates that may be significant and will be described briefly. All of the significantly unstable modes in this principal case are planetary wave modes. Synoptic scale modes are only marginally unstable as the basic state zonal wind is at critical shear and the stationary wave instability is inefficient at these scales. The reason for this and the mechanism of the meridional scale selection process will be examined in section 4b.
The peak growth rates of the "A" and "B" modes in Figure  4 correspond to e folding times of 9.2 and 8.7 days, respectively. This time scale is reasonable for the growth of planetary waves and is consistent with the time constant of dissipation of stationary waves by transient waves according to Sasarnori and Youngblut [1981] . The growth rate of these modes changes with variations of the basic state, although the essential structure and phase speed properties remain the same. We obtain e folding times down to 5 of 6 days for climatologically reasonable changes in the basic state.
The Although the components of the mode do travel, their phase speeds are fairly slow. In fact we can call this mode "quasistationary" in the following sense: when the ratio of growth rate to angular frequency, r = is unity, each wave component moves only 1/9 of a wavelength in the time it takes to double in amplitude. Thus it is appropriate to term growing waves as quasi-stationary when r •> 1, since they will grow to maturity before the phase changes sufficiently to produce cancellation in the time average. For this case the e folding time of the mode is 8.7 days at peak growth rate. The resulting ratio, r--1.0, places it on the boundary we have drawn between transient and quasi-stationary waves. Thus at Peak growth rate the field shown in Figure 8 will only move about 6.4 ø of latitude in one doubling time. This change is sufficiently small as to suggest that the mode could be qualitatively identified with a blocking pattern. For other cases, larger growth rate increases the ratio still further. If, however, more restrictive lateral boundary conditions forced the mode to be slightly off peak growth rate, the ratio would be less than 1. The mode would then be most readily identified with the usual traveling planetary waves.
The dominant components of this mode are wave numbers n =-3 and n--+ 1 in the geopotential wave •p' and wave number n =-1 in the thermal wave •Pr'-This follows the pattern found in the stationary mode, but with the center shifted from n = 0 to -1. The zonal phase speeds of these components are -t-2.0, -6.0, and +6.0 m/s, respectively. In the classical problem, temperature components of baroclinically unstable modes travel at the same phase speed as the geopotential components, so it is worth pointing out that all temperature components progress in this mode; thus at wave numbers 1 and 2 we find geopotential components retrogressing while temperature components progress. This is like the behavior described by Pratt (3) Other modes. A handful of other modes appear in the results and are sufficiently unstable that they might be significant. The three most important ones have minimum e folding times in this main case analysis of 10.8, 12.9, and 13.8 days, respectively, as compared to about 9 days for the two dominant modes. The first of these is a mirror image mode corresponding to the "B" mode described above. When the basic state forcing is simplified to just the controling wave number 2 elements, these two modes have the same growth rate but are mirror imaged in latitude and propagate in opposite latitudinal directions. The second consists chiefly of wave number 1 components and has its growth rate peak at a slightly larger meridional scale. Its growth rate curve appears in the inset of Figure 4 . The third of these modes has a wave number 4 geopotential and a wave number 2 thermal component and propagates at somewhat larger phase speed than the other modes. All the modes are maintained by the same process as the "B" mode and conform to the propagation characteristics described above.
We describe these modes partly to indicate that a variety of planetary modes arise that would likely contribute to the lowfrequency variance of the atmosphere. Although the growth rates of some of these are fairly low, it must be remembered that the response to the basic state forcings in this main case yielded rather conservative amplitudes for the basic state stationary waves. Since growth rate is roughly proportional to basic state wave amplitude, a modest increase in this would yield more impressive growth rates for these modes. In addition, these modes would often be nonnegligible in an initial value problem, particularly the mirror image of the "B" mode. The pair would tend to be excited simultaneously, resulting in a pattern that would not propagate in latitude. (2) Role of direct interaction with topography. The direct interaction of the perturbation with topography plays a reasonably important role in producing the principal case planetary modes. When this interaction is artificially suppressed, the growth rate of the "B" mode is decreased slightly and its phase speed increases by about 70%. The "A" mode is more strongly affected, suffering a decrease in growth rate to about one third the principal case value.
MAINTE•qANCE OF PLANETARY MODES
The means by which the direct topographic interaction promotes planetary wave instability in our model is interesting because it has never, to our knowledge, been addressed in studies of atmospheric energetics. where * denotes complex conjugation. Accordingly, the component of this conversion resulting from { Yn* Wn(topog)} can be attributed directly to the interaction of the perturbation with topography. Evaluation of this conversion for the "A" mode shows that the topographically induced contribution constitutes 67% of the total for the principal case. In the "B" mode this conversion is, again, over 60% of the total at peak growth rate. Thus the triggering effect of the mountains on the baroclinic conversion can be quite pronounced. Under certain circumstances, direct interaction with topography can produce a weak instability, even when no basic state stationary waves are present, inducing an A: to A' conversion. In our results, however, it is the cooperation of the topographic interaction in the baroclinic conversion of As to K' via A' that is important.
When the energy budget of the perturbation is decomposed by wave number, it may be seen that direct interaction with topography also plays a role in redistributing kinetic energy among different wave numbers in the perturbation. Although the sum of this interconversion is zero, it strengthens the linking between wave numbers in the perturbation spectrum. In either case the interaction of a {Yn, Xn+m} pair with the basic state wave is greatly enhanced when the corresponding Rossby wave frequencies coalesce, creating a triad resonance. For baroclinic instability of the basic state wave a necessary condition is that the meridional scale of the perturbation, l-x, be larger than or on the order of the radius of deformation. This condition is analogous to the short wave cutoff, which applies to the zonal scale of unstable modes in the classical zonally symmetric problem. When the triad resonance condition is met at a value of l that satisfies the necessary condition, it produces a peak in growth rate at this preferred meridional scale. For planetary modes centered at n-0 or n = 1 the resonance condition can be met simultaneously by both pairs, so that all three perturbation elements participate in the resonance. For n = 2, only one pair can meet the resonance condition, and a {Y2, X,•} mode results, as described have become important here. When only one of the wave numbers is included at a time, the growth rate increase over the principal case is not so dramatic. All the significantly unstable planetary modes in this problem are quasi-stationary in the sense we defined in section 3. Most have growth rates an order of magnitude larger than their angular frequency.
We hesitate to put much emphasis on these latter results because they are largely due to a quasi-resonant response of the basic state model. The steady state model has a resonance near U = UTeri t at which the temperature waves have a large amplitude response to the diabatic forcings, while the geopotential wave amplitude tends to zero. It is interesting that this resonance should affect our results while the more commonly considered resonance of the geopotential wave does not [Tung and Lindzen, 1979] . However, the two-level steady state model response cannot be regarded as reliable with respect to these resonances because of poor vertical resolution and the effect of the lid [Kirkwood and Derome, 1977] .
One of the most sensitive parameters in the conventional two-level model baroclinic instability problem is the zonal thermal wind. For the principal case we have used the critical value that lies at the threshold of instability when no basic state waves are present. When we increase the thermal wind above the critical value, significantly unstable synoptic scale waves appear among the normal modes. Their growth rate increases rapidly with the supercriticality, so when the shear is 50% supercritical, they are growing much more rapidly than the planetary modes. The synoptic scale modes are essentially the same as in the zonally symmetric problem and are modified very little by the presence of the basic state waves, even when the amplitude of these is quite large. The basic state waves have no meridional gradients and so do not act to increase the instability of the zonal flow anywhere. Apparently, the interaction of the unstable synoptic waves with the zonal gradients is quite weak. We can conclude that the preferred locations for cyclogenesis found by other investigators [Frederiksen, 1979] depend almost solely on the enhancement of the meridional temperature gradient by stationary waves with meridional dependence.
Although the synoptic scale modes grow faster than the planetary scale ones for these conditions, the planetary modes still exist. Upon examining the behavior of the planetary modes with respect to the zonal thermal wind, we find that they do grow faster when the zonal flow is less stable. Because the zonal APE is not so important to their maintenance, the increase in growth rate with supercriticality is less rapid than for synoptic modes. Conversely, when the thermal wind is decreased, or even set to zero, the growth rate and structure of these modes is scarcely affected.
Above critical shear, we thus have coexistence of two very different types of mode. The distinct separation in scale of the two types of modes--in both frequency and wave number--implies that both can be important in an initial value problem, despite different growth rates. A transient pulse containing primarily planetary spatial components will excite planetary modes preferentially over the shorter scale modes. In the space of only a few e folding times before the disturbances reach maturity the larger growth rate of the synoptic waves will not always be sufficient to dominate the flow. The two types of modes have independent energy sources and thus do not compete for basic state energy. We suggest that the planetary modes will still be significant, even when conventional baroclinic instability yields faster-growing synoptic modes.
APPLICATIONS TO BLOCKING
So far in our discussion we have stressed applications of the forced wave instability process to generation of planetary waves, both stationary and traveling. We find certain of the planetary modes stationary or quasi-stationary, and so they lend themselves to being interpreted as growing blocking patterns. Thus the initial growth stage of the blocking phenomenon could be taken as a special case of planetary wave generation by forced wave instability.
Our stationary and quasi-stationary modes are composed primarily of wave numbers 1, 2, and 3. In this our results coincide with recent observational studies. Austin [1980] found that the commencement of blocking periods is characterized by growth of stationary planetary waves to amplitudes much greater than normal, but with their normal phases. According to his study, zonal wave numbers 1, 2, and 3 account for the early stages of blocking, with interference of these components producing Atlantic, Pacific, or double blocking, depending on the relative amplitudes. A comprehensive study by Knox [1982] confirms that wave number 1, 2, and 3 components dominate the 500-mbar height field of blocking patterns with different relative amplitudes for different types of blocking. Concerning the phase of the waves, Knox found that at 60øN, wave number 2 components have their normal phase for double blocking, Pacific blocking, and "western European blocking," and approximately normal phase for "north-east Atlantic blocking," using his terminology. Wave numbers 1 and 3 have more variable phases, depending on the type of blocking. We have already pointed out that the stationary mode in our analysis (the "A" mode of section 3) is dominated by wave number 2 components with the zonal phase of the observed stationary waves. Therefore, the behavior of this mode parallels that of amplifying wave number 2 components in blocking.
The accord between the stationary mode and blocking components is most apparent for the case of double blocking. This category of blocking, in which blocks occur in both western European and Pacific sectors, has been cited by various investigators since Rex [1950] . Although not as common as regional blocks, instances of it occur with reasonable frequency. ½harney et al. [1981] found that four out of fourteen persistent blocking events for the period 1963-1977 were of this form. Because wave number 2 accounts for over 50% of the stationary wave variance and has its normal phase [Knox, 1982] , double blocking strongly resembles the normal stationary wave pattern, but with increased amplitude. Charney et al. present longitude plots of the latitudinal average from 50øN to 60øN for seven double-blocking situations. Not surprisingly, the stationary mode pattern shown in Figure 5 fits these well, since both resemble the normal pattern.
To better illustrate the resemblance of the stationary mode to double blocking, we set its amplitude to slightly over 200 m (since Knox gives the amplitude of the wave number 2 component to be 206 m at 60øN) and superimposed it on a constant zonal flow of 13 m/s. The resulting circulation is shown in Figure 10 . The latitude band shown corresponds to one meridional wavelength of the mode. Two prominent blocking dipoles appear in the correct positions, separated by regions of zonal jets that have been enhanced by the stationary mode. It is worth noting that the apparent half wavelength of the blocking dipoles, if estimated by eye from the figure, would be only slightly over 20 ø of latitude, whereas the true half wavelength is 29 ø . The amplitude of the stationary mode relative to the zonal flow is also important to the appearance of the circulation. When the amplitude of the stationary mode is reduced to that of the normal stationary wave field, the dipole nature of the mode is not so evident, and the flow is more like the normal pattern.
The quasi-stationary mode (the "B" mode described in section 3) also has the qualitative characteristics of blocking but does not, by itself, resemble any observed blocking pattern. However, an initial transient forcing that is regional in extent will excite a set of modes simultaneously. In particular, the two dominant modes will grow in combination, interfering constructively in the region of excitation. This is in accord with the observations of Austin [-1980 ], mentioned earlier. To test this idea, we combine the two modes to see if they can produce regional blocking by interference. We have a limited amount of freedom in combining them because the relative latitude origin can be varied through a full cycle. Figure  11 shows how Pacific blocking can be produced in this manner. Knox [1982] gives the amplitudes of wave numbers 1, 2, and 3 as 78, 121, and 102 m, respectively, for Pacific blocking, so we have set the amplitude of both modes to approximately 100 m. Destructive interference of wave number 1 components between the modes does reduce the wave number 1 amplitude somewhat in the total. The resulting flow in Figure  11 shows the correct strong zonal flow upstream of the block split by the blocking dipole over the eastern Pacific. Nonzonal circulation is small away from the blocking feature.
Combination of the two modes can also produce a regional block over Europe by shifting the quasi-stationary mode by 135 ø of meridional phase. The split in the jet occurs at about 10øW, which is reasonable, but this feature is less well localized, disrupting the flow over Asia as well. An important weak point of these normal modes as an explanation of blocking is that one can also produce a strong blocklike pattern over the western Pacific by shifting the stationary mode away from normal by 180 ø of meridional phase. Observations indicate that this area has, to the contrary, low frequency of blocking activity [Knox, 1982] .
We have presented these results in such a manner as to suggest that the planetary modes of forced wave instability theory can potentially account for the growth stage of blocking. However, we must stress several reservations on this hypothesis. First, while we can roughly reproduce observed blocking patterns, we can also obtain patterns reminiscent of blocking, but with no observed counterpart. There is no el½-ment in linear theory capable of distinguishing between these. Second, the amplitude of the waves during blocking is beyond the linear regime for which these results have been obtained. It is not obvious that the energy pathway found in the linear analysis can sustain their growth to large amplitude. A third deficiency precluding this theory from offering a complete description of blocking is the lack of a mechanism to determine the conditions under which blocking will or will not occur.
A partial response can be given the second of these questions on the basis of general circulation model simulations of blocking. Kikuchi [19.69] and Chen and Shukla [1983] both obtain wave number 2 dominated blocking events during January simulations. The kinetic energy of the amplifying wave number 2 is supplied by conversion from available potential energy, which is the energy pathway found in our results. In both cases the land-sea heating contrast appears to play an important role. In the Chen and Shukla simulation a large-scale sea surface temperature anomaly that they introduced in the North Pacific was a critical factor. Kikuchi remarked that the baroclinic conversion at wave number 2 was "inexplicable" in terms of the current baroclinic instability theory, suggesting that a new development in the theory was required. The forced wave instability process we present is consistent with these results. Naturally, the GCM blocking events are more complicated than can be accounted for by this single process. For instance, Chen and Shukla find that wave number 3 is also important to the block and is largely supported by conversion from the zonal kinetic energy. However, the GCM simulations do seem to justify the application of the linear theory to blocking as a partial explanation of some of the processes involved.
Concerning the third reservation, the linear theory would be Pedlosky [1975b] further examined the finite amplitude evolution of a triad consisting of a basic state marginally unstable Rossby wave and two perturbation components that correspond to a simplified version of our unstable modes. The maximum amplitude attained by the daughter waves was determined by nonlinear equilibration with the basic state wave. Although his findings do not apply directly to the system we are treating, a similar equilibration must occur. The question is, under what conditions would it occur at large amplitude. This amplitude would likely depend on how effectively the diabatic forcing supports the stationary wave APE against the growing dissipation by the planetary mode. The efficiency of this support and the details of the equilibration in turn determine the nonlinear behavior of both the forced stationary wave and planetary mode.
Although this equilibration is beyond the realm of linear theory, we can hypothesize, on the basis of growth rate, certain circumstances that might favor a block. The peak growth rate of the planetary modes is approximately proportional to the amplitude of the basic state thermal wave which in turn is roughly proportional to the diabatic heating forcing. Unusually large diabatic heating forcing should then be conducive to the initiation of a block, as indicated by the simulation of Chen and Shukla [1983] . Another factor that can increase the growth rate of planetary modes in our model is a decrease in the zonal mean wind. Second, one of the most interesting results of this study suggests that forcings of long meridional wavelength can contribute quite directly to the observed stationary wave pattern at shorter north-south scale. We find that our basic state gives rise, through baroclinic instability of the forced waves, to a stationary growing mode of the same form as the observed stationary wave pattern. Whereas in the stationary equilibrium model the meridional wavelength of the mountain and heating fields has to be suitably adjusted to obtain agreement with the observed distribution, the structure of the growing stationary mode is determined internally by the dynamics. Preferential growth rate selects a favored meridional scale of about twice the radius of deformation, which corresponds to a half wavelength of about 30 ø of latitude. This is the same scale as is necessary to obtain a good fit in the steady state model.
On this basis we postulate that a component of the time mean stationary wave pattern may be contributed by forcings of longer meridional scale. Repeated growth and decay of the stationary mode could yield a statistical contribution of the appropriate form to the time average. While the hypothesis that transient waves supply a statistical component of the stationary waves is not new [Stone, 1977] , the appearance of the stationary planetary mode in our results contributes a new variant on this idea. It is reasonable to suppose that, when all meridional scales are present in the forcing, both a directly forced component and a statistical component would coexist. The former would be a response to forcings of shorter meridional scale, conforming to the conventional steady state picture; the latter would be maintained by forcings of longer meridional scale through the instability process found here.
The inclusion of direct interaction of the perturbation with topography in our model is relevant to the maintenance of the stationary mode. The growth rate of this mode is strongly dependent on this interaction to trigger the baroclinic conversion that sustains it. Direct interaction with topography also affects certain of the traveling planetary modes, slowing their phase speed and increasing their growth rate slightly. In general the topographic effect assists in promoting wave number 1, 2, and 3 growth over that of intermediate and synoptic
scales.
The third area to which our results may have an important application is the phenomenon of blocking. The growing planetary modes we find bear suggestive resemblance to blocking patterns. On the surface, therefore, our results appear to extend Frederiksen's [1982] conjecture that the onset of blocking can be explained in terms of linear instability of a zonally asymmetric basic state. By including direct interaction of the perturbation with topography, we obtained significant growth rates for planetary modes not seen by Fredericksen, providing a new variation on the hypothesis. The longer zonal scale and low phase speeds of these modes enhance their similarity to blocking as defined by Austin [1980] . The preferred meridional scale of our modes is consistent with the scale of blocking dipole high-low vortex pairs.
We do not feel, however, that we can make an unqualified identification of these planetary modes with blocking. The instability mechanism present here generates planetary waves almost irrespective of the basic state parameters. Were these planetary modes always to develop into blocking patterns, the atmosphere would be in a blocked state more often than not. We suggest, rather, that the growing planetary modes would usually appear as the normal transient planetary waves and components of the time average stationary waves. Blocking would occur as a special case when one or more of the modes achieved unusually large amplitude. Unfortunately, the linear theory does not seem to supply an obvious controlling factor that would determine the difference between normal generation of planetary waves and the creation of a blocking situation. One hypothesis, advanced by Frederiksen [1982] , is that blocking may be inhibited when the zonal flow becomes unstable to synoptic scale modes. As a possible alternative conjecture we propose that the regulating factor is found in the finite amplitude equilibration of the growing planetary mode with the forced wave that supports its growth in a manner analagous to that found by Pedlosky [1975b] for oceanic gyres. The excitation of one of the planetary modes found in linear theory would thus be a necessary condition to the onset of blocking, with the sufficient condition being determined by this hypothesized regulating mechanism. In most cases, we would expect that the planetary mode would equilibrate at relatively low amplitude, merely adding to the usual planetary wave variance. Our results suggest that one factor that should affect the propensity of the planetary modes to amplify into blocks is the magnitude of the land-sea diabatic heating. Low zonal mean wind may also favor stronger than usual growth of planetary modes. • geopotential.
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